To compare the sensitivity of dipyridamole, dobutamine and pacing stress echocardiography for the detection of myocardial ischemia we produced a physiologically significant stenosis in the left circumflex artery of 14 open-chest dogs (range: 50 to 89% reduction in luminal diameter). In each study, dobutamine (5 to 40 µg kg -1 min -1 in 3-min stages) and pacing (20 bpm increments, each 2 min, up to 260 bpm) were performed randomly, and then followed by dipyridamole (up to 0.84 mg/ kg over 10 min). The positivity of stress echocardiography tests was quantitatively determined by a significant (P<0.05) reduction of or failure to increase absolute and percent systolic wall thickening in the stenotic artery supplied wall, as compared to the opposite wall (areas related to the left anterior descending artery). Systolic and diastolic frozen images were analyzed off-line by two blinded observers in the control and stress conditions. The results showed that 1) the sensitivity of dobutamine, dipyridamole and pacing stress tests was 57, 57 and 36%, respectively; 2) in animals with positive tests, the mean percent change of wall thickening in left ventricular ischemic segments was larger in the pacing (-19 ± 11%) and dipyridamole (-18 ± 16%) tests as compared to dobutamine (-9 ± 6%) (P = 0.05), but a similar mean reduction of wall thickening was observed when this variable was normalized to a control left ventricular segment (area related to the left anterior descending artery) (pacing: -16 ± 7%; dipyridamole: -25 ± 16%; dobutamine: -26 ± 10%; not significant), and 3) a significant correlation was observed between magnitude of coronary stenosis and left ventricular segmental dysfunction induced by ischemia in dogs submitted to positive stress tests. We conclude that the dobutamine and dipyridamole stress tests showed identical sensitivities for the detection of myocardial ischemia in this one-vessel disease animal model with a wide range of left circumflex artery stenosis. The pacing stress test was less sensitive, but the difference was not statistically significant. The magnitude of segmental left ventricular dysfunction induced by ischemia was similar in all stress tests evaluated.
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Introduction
Stress echocardiography has become a clinically useful method for detection, prognosis and therapeutic decisions in patients with known or suspected coronary heart disease. Dipyridamole, dobutamine and atrial pacing are stress modalities commonly used in the clinical setting as an alternative to exercise. The documented accuracy of these stress echocardiographic techniques is quite variable.
Reported sensitivity values for the detection of ischemia range from 40 to 92%, 68 to 96% and 75 to 93%, respectively, for dipyridamole (1-6), dobutamine (7) (8) (9) (10) (11) and pacing (12) (13) (14) (15) (16) (17) (18) (19) , while specificity ranges from 93 to 100%, 66 to 100% and 76 to 100%.
The reported accuracy of stress echocardiography to identify regional wall motion abnormalities induced by ischemia is influenced not only by the physicians ability to perform and interpret the echocardiographic images (20) , but also by a number of clinical setting, anatomical and physiological factors including heterogeneity of the patients studied, variability of stress protocols, severity, location and extent of coronary disease, relative significance of diseased vessels, presence of collateral circulation, and degree of ventricular hypertrophy (16) . As a consequence of this inherent diversity, it is quite difficult to determine from the clinical investigations reported which stress modality is most sensitive for the detection of myocardial ischemia.
Therefore, this investigation was designed to compare, in an animal model of one-vessel coronary heart disease with a wide range of physiologically significant coronary stenosis: 1) sensitivity of dipyridamole, dobutamine and pacing stress echocardiography for the detection of myocardial ischemia, and 2) the magnitude of segmental left ventricular dysfunction induced by ischemia.
Material and Methods

Animal preparation
Fourteen mongrel dogs of either sex (14.5 to 30 kg, mean: 20.8 kg) were included in this study. The experimental protocol agreed with the guidelines of the American Heart Association about the use of research animals (21) . Dogs were anesthetized with intravenous pentobarbital sodium (33 mg/kg), intubated and placed under mechanical ventilation with 100% oxygen (Takaoka, model 600) through an endotracheal tube. Anesthesia was maintained with additional doses of pentobarbital sodium when necessary.
Aortic and pulmonary pressure (phasic and mean) were continuously monitored by catheters connected to adequately calibrated fluid-filled transducers. The left femoral vein was cannulated for fluid and drug infusion. A lead II electrocardiogram was recorded continuously.
A median thoracotomy was performed and the heart was suspended in a pericardial cradle. A segment of the left circumflex artery was dissected and an adjustable mechanical occluder was positioned around the vessel. An epicardial pacemaker electrode was implanted in the right atrial appendage.
Coronary anatomy was documented by coronary angiography at baseline and then after producing variable degrees of coronary stenosis by adjusting the mechanical occluder. In each animal, a coronary constriction greater than 50% was produced based on visual estimation after repeated contrast injections. Quantitative coronary angiography analysis was performed off-line using a computerized system (ImageComm Quantim IC-Software). Reduction of luminal coronary diameter ranged from 50 to 89% (mean: 59 ± 12%), corresponding to an area reduction of 75 to 99% (mean: 89 ± 7%). Coronary stenosis that produced segmental wall motion abnormalities in the baseline echocardiogram was avoided by continuous monitor-ing. At the end of the experiment, the animals were sacrificed by the administration of potassium chloride following an additional injection of pentobarbital.
Echocardiographic study
Two-dimensional echocardiography was performed using a Hewlett-Packard (Sonos 1000; Andover, MA, USA) ultrasound system with a 5-MHz transducer. Echocardiographic images were obtained with the transducer placed on the epicardial surface and the ultrasound beam oriented to provide short axis images at the midpapillary level. Wall motion was continuously monitored throughout the experiment and images were stored on 1/2 inch VHS videotape for later analysis.
Experimental protocol
Each animal was submitted to all three modalities of stress during the same experimental session, i.e., pacing and dobutamine in a random order, and finally dipyridamole. After each stress modality, sufficient time was allowed for recovery of baseline conditions. A continuous infusion pump (model 933; Harvard Apparatus Co., Southnatick, MA, USA) was used for drug infusion. Atrial pacing was produced by a Medtronic generator (model 5325) starting with a rate 20 pulses per minute (ppm) higher than baseline heart rate, with 20 ppm increases each 2 min up to a heart rate of 260 bpm, or up to the time when segmental wall motion abnormalities or atrioventricular conduction defects occurred. Intravenous dobutamine was started at a dose of 5 µg kg -1 min -1 and increased every 3 min to 10, 20, 30 or 40 µg kg -1 min -1 . Infusion was interrupted if segmental wall motion abnormalities or severe arrhythmia occurred. Dipyridamole infusion was performed using the high dose protocol (0.56 mg/kg over 4 min, followed 4 min later by an additional 0.28 mg/kg over 2 min). Drug administration was interrupted if wall motion abnormalities were documented. Echocardiographic images were recorded on videotape at baseline and at the final 30 s of each protocol step.
Data analysis
Heart rate, systolic arterial pressure and rate-pressure product were measured before and at the end of each stress test and are expressed as mean ± standard deviation for three consecutive beats.
The end-diastolic and end-systolic frames selected for analysis were the one showing the largest and the smallest endocardial-limited cavity areas, respectively. The left ventricular end-diastolic area was measured by planimetry using a software incorporated into the ultrasound system and was expressed as the mean of three cardiac cycles. Left ventricular wall end-diastolic and end-systolic dimensions were measured in the area supplied by the circumflex coronary artery (risk region) and in the area supplied by the left anterior descending coronary artery (control region). Mean ± standard deviation for seven cardiac cycles was obtained. Systolic wall thickening (systolic wall dimensiondiastolic wall dimension), expressed in centimeters, and percent systolic wall thickening {[(systolic wall dimension -diastolic wall dimension)/diastolic wall dimension] x 100} were calculated for both ventricular regions of interest. Normalization of wall thickening for the control region was calculated by the formula: change (stress -baseline) of percent systolic thickening in the risk area minus change (stress -baseline) of percent systolic thickening in the control area. Positivity of the stress echocardiography test was quantitatively determined by a significant (P<0.05) reduction of or failure to increase systolic wall thickening and percent systolic wall thickening in the circumflex as compared to the left anterior descending artery-related regions. Measurements were performed by two experienced observers who reached consensus on each measurement.
Statistical analysis
Data are reported as mean ± SD. Comparisons of baseline to peak stress values were made by analysis of variance for repeated measures. The paired or unpaired two-tailed Student t-test was used when appropriate. McNemars test was used for comparison of sensitivity of the stress tests applied. Simple linear regression analysis was used to assess the correlation between coronary stenosis severity and the magnitude of segmental wall motion abnormalities induced by the various stress modalities. Probability was considered statistically significant at P<0.05.
Results
The stress test was interrupted before the peak target of the experimental protocol as a consequence of 1) occurrence of A-V conduction disturbances in 13 animals during pacing, 2) ventricular (3 animals) or supraventricular arrhythmias (1 animal) induced by dobutamine, and 3) occurrence of segmental wall motion abnormalities (2 animals) during dipyridamole administration.
Hemodynamic data
Mean baseline heart rate for pacing, dobutamine and dipyridamole was 134 ± 23, 135 ± 26 and 126 ± 24 bpm, respectively, while systolic arterial pressure was 109 ± 28, 110 ± 24 and 112 ± 25 mmHg. Mean values of rate-pressure product were 15083 ± 5370, 15221 ± 5559 and 14295 ± 4106 mmHg.bpm, for pacing, dobutamine and dipyridamole, respectively. There was no significant difference in the three hemodynamic variables between the baseline states. Under stress conditions, heart rate increased to 194 ± 34 bpm for pacing (P<0.001 vs baseline) and to 158 ± 23 bpm (P = 0.002) for dobutamine and decreased to 101 ± 19 bpm (P<0.001) with dipyridamole, while systolic arterial pressure was 100 ± 28 (no significant difference from baseline), 110 ± 29 (not significant) and 72 ± 27 mmHg (P<0.001) for pacing, dobutamine and dipyridamole, respectively. The rate-pressure product reached 20022 ± 7770 (P<0.001), 18032 ± 7148 (P = 0.03) and 7586 ± 4011 mmHg.bpm (P<0.001) during pacing, dobutamine and dipyridamole, respectively (Figure 1) .
Baseline left ventricular end-diastolic area was not significantly different for the three modalities of stress. Before starting pacing, dobutamine and dipyridamole, left ventricular end-diastolic area was 5.24 ± 2.31, 5.64 ± 2.55 and 4.98 ± 1.94 cm 2 , respectively. Pacing did not change end-diastolic area (4.42 ± 2.09 cm 2 ; no significant difference from baseline), dobutamine induced a significant reduction in area (3.38 ± 1.44 cm 2 , P = 0.03), while dipyridamole infusion resulted in a small, nonsignificant increase in left ventricular diastolic dimension (5.21 ± 1.84 cm 2 ) (Figure 2) .
Sensitivity of stress test modalities
In this investigation, the stress test was considered to present an ischemic response (positive test) in the presence of a significant (P<0.05) reduction of or failure to increase absolute systolic wall thickening and percent systolic wall thickening in the circumflex artery compared to the left anterior descending artery-related regions. Using this quantitative criterion, sensitivity was 36, 57 and 57%, for pacing, dobutamine and dipyridamole, respectively. The differences were not statistically significant.
Magnitude of segmental wall motion abnormalities
Mean baseline values of absolute systolic wall thickening and percent wall thickening were similar for all stress modalities, both in control and risk regions. Absolute systolic wall thickening in the left circumflex and anterior descending regions was 0.40 ± 0.12 and 0.40 ± 0.11 cm before pacing, 0.45 ± 0.16 and 0.40 ± 0.12 cm before dobutamine and 0.46 ± 0.20 and 0.39 ± 0.09 cm before dipyridamole, respectively. Percent systolic wall thickening was 35 ± 10 and 37 ± 10%, 38 ± 12 and 36 ± 9%, 39 ± 14 and 35 ± 6%, for pacing, dobutamine and dipyridamole, respectively.
In dogs that presented an ischemic response to the stress test, a significant reduction in percent systolic wall thickening was documented during pacing in the risk region (baseline: 40 ± 15%, pacing: 22 ± 11%; P = 0.01), while in the left anterior descending region no significant change occurred (baseline: 34 ± 8%, pacing: 32 ± 9%). Dobutamine also reduced percent systolic wall thickening in the risk region in dogs with a positive stress test, but this change did not reach statistical significance (baseline: 37 ± 10%, dobutamine: 28 ± 12%). On the other hand, in the control region a significant increase of percent systolic wall thickening occurred (baseline: 41 ± 13%, dobutamine: 59 ± 15%; P = 0.02). A significant reduction of wall thickening was also documented during dypiridamole in the left circumflex region (baseline: 36 ± 6%, dipyridamole: 19 ± 20%; P = 0.03), while in the control region a small, nonsignificant increase in percent wall thickening (baseline: 38 ± 10%, dipyridamole: 45 ± 8%) was observed.
Comparing the absolute variation of percent systolic wall thickening in the risk and control regions induced by the three stress modalities, more pronounced reduction occurred in systolic thickening during pacing (-19 ± 11%) and dipyridamole (-18 ± 16%) compared to dobutamine (-9 ± 6%). However, when the variation of systolic thickening was normalized to the control region, the magnitude of induced wall motion abnormality was not significantly different for the three modalities of stress (pacing: -16 ± 7%, dobutamine: -26 ± 10%, dipyridamole: -25 ± 16%) (Figure 3) . 
Relationship between left ventricular dysfunction induced by ischemia and stenosis severity
When positive tests for ischemia were considered, the correlation between the change of the relative systolic thickening in the risk region normalized to the control region and the severity of coronary stenosis, as evaluated by luminal diameter reduction, was statistically significant for dobutamine (r = 0.72, P = 0.046) but not for dipyridamole (r = -0.45, P = 0.26). However, a marked improvement in correlation was observed for dobutamine (r = 0.84, P = 0.036) and dipyridamole (r = 0.83, P = 0.043) when two dogs which had important left ventricular hypertrophy and coronary stenosis severity in the lower range were excluded from the analysis.
Discussion
Characteristics of the experimental model
The experimental model used in this investigation remained quite stable throughout the different phases of the study protocol as documented by the similar mean values for the hemodynamic variables measured (heart rate, systolic arterial pressure and ratepressure product) and by the mean diastolic area of the left ventricle before each test. These observations indicate that, although dipyridamole was always the last stress test applied, this sequence probably had no significant effect, by itself, on the results obtained.
Using an animal model with one-vessel coronary stenosis ranging from 50 to 89% of luminal diameter reduction we were able to simulate coronary heart disease in a range of stenosis considered significant in the clinical setting. The variable degree of coronary stenosis used in this animal model appears to be adequate for sensitivity and specificity studies, considering that a 50% reduction of the luminal diameter represents the best cutoff value for the functional significance of a stenosis (22) . Moreover, conditions for comparing sensitivities of different stress tests appear to be more adequate when a moderate degree of coronary stenosis such as that used in this investigation (mean: 69 ± 12% of luminal diameter reduction) is present.
Sensitivity of the stress tests
In this study, the stress test was considered to be positive for ischemia when it elicited a significant (P<0.05) reduction of or failure to increase systolic wall thickening and percent systolic wall thickening in the circumflex (stenosed) as compared to the left anterior descending artery (control)-related regions. This quantitative approach for positivity of the test was important to avoid subjective evaluation of wall motion during stress. In addition, the comparative analysis of wall motion in risk and control regions has been shown to be valuable for the detection of ischemia during stress echocardiography, considering that hyperkinesia may occur in the left ventricular region supplied by the non-stenosed coronary artery (23, 24) .
The three tests did not differ significantly in sensitivity despite the higher value observed for dobutamine (57%) and dipyridamole (57%) as compared to the pacing stress test (36%). Probably, the tendency to a lower sensitivity during pacing was related to the relatively large number of tests prematurely interrupted due to the occurrence of atrioventricular conduction disturbances.
To the best of our knowledge, there are no previous studies comparing sensitivity for detection of ischemia using simultaneously these three stress tests in the same experimental model as performed in this investigation. Fung et al. (25) reported sensitivity of 100% for dobutamine and of 55% for dipyridamole in an experimental dog model of circumflex coronary stenosis. However, two important differences between that investigation and the current one should be pointed out. In their model, only critical coronary stenosis was produced as opposed to the large range of coronary stenosis used in the present study. In addition, dipyridamole was infused up to a maximal dose of 0.56 mg/kg body weight, while we used up to 0.84 mg/kg body weight in 12 out of 14 dogs. In the clinical setting, increased sensitivity has been documented when this larger dose of dipyridamole was used in stress echocardiography (26). Segar et al. (27) reported sensitivity of 100% for dobutamine and 75% for dipyridamole in a swine model of anterior descending coronary artery stenosis, but they also used only critical coronary stenosis. Therefore, under the conditions of the current investigation, dobutamine and dipyridamole seemed to be equally sensitive in producing systolic dysfunction secondary to myocardial ischemia, while atrial pacing showed a slightly lower, not significantly different, sensitivity.
There are no clinical investigations which directly compare these three stress tests in patients with one-vessel coronary disease. Some studies performed in groups of patients with one-vessel disease have shown slightly higher sensitivity for dobutamine (range: 50-76%, mean: 66%) than for dipyridamole (range: 31-82%, mean: 52%) (28) (29) (30) (31) (32) , while other studies have shown equivalent sensitivity for these stress tests (33, 34) . Although a comparison of the current experimental study with available clinical data cannot be directly performed considering the large number of factors interfering with the response to stress in patients, it should be mentioned that the reported mean values of sensitivity are very close to those obtained in the present experimental study. On the other hand, the sensitivity we obtained for pacing (36%) was much lower than that reported for patients with one-vessel disease (85%) (17) , probably as a consequence of the large number of pacing tests that were interrupted at an early stage due to atrioventricular conduction disturbances.
Magnitude of segmental wall motion abnormalities
Quantitative analysis of the magnitude of the segmental wall motion abnormalities induced by the stress tests showed that during pacing and dipyridamole the changes in percent systolic thickening in the risk region were comparable, but larger than those induced by dobutamine. However, when the variations in wall thickening were normalized for the control region supplied by the non-stenosed coronary artery, the three tests induced similar magnitudes of wall motion dysfunction. Our results are similar to those reported by Paulsen et al. (35) comparing exercise, pacing, dobutamine and dipyridamole in an experimental model. They demonstrated that pacing and exercise induced a more important wall motion abnormality, although the differences between all tests were reduced when the results were normalized to the non-ischemic region.
Relationship between left ventricular dysfunction induced by ischemia and stenosis severity
In the clinical setting, correlation between coronary stenosis severity and its functional consequences is not always good (36) . A wide variety of factors contribute to the complex physiological consequences of coronary artery disease including severity, localization, extension and number of coronary lesions, presence of collateral circulation and ventricular hypertrophy, as well as dynamic changes of coronary tonus. On the other hand, a good correlation between these variables is usually obtained in experimental models (37, 38) . In this study, a good correlation between the changes in percent systolic thickening in the risk region and the severity of coronary stenosis in animals with positive tests for ischemia during dobutamine and pacing was obtained only when two animals, with mild degree of stenosis and ventricular hypertrophy, were excluded from analysis. This observation suggests that in these two animals ventricular hypertrophy may have contributed to the occurrence of wall motion dysfunction during stress.
In this one-vessel disease animal model, the dobutamine and dipyridamole stress tests showed identical sensitivities for the detection of myocardial ischemia in a wide range of left circumflex artery stenosis, while the pacing stress test tended to be less sensitive. On the other hand, the magnitude of segmental left ventricular dysfunction induced by ischemia was similar for all stress tests evaluated.
